III-V semiconductors are attractive materials that are used in a variety of cutting-edge devices, such as solar cells. A fundamental aspect of these devices is their limitation at the interface because of surface states. It is important to understand the nature of these surface states, which may be caused by adatoms, surface defects, or the interface between two materials. Such an understanding will lead to better methods to reduce surface states through surface passivation. Recent reports have demonstrated dramatic improvements in solar cell efficiency after surface passivation. [1] [2] [3] [4] [5] [6] Unpassivated surface states lead to a recombination of photogenerated charge carriers, which lowers energy conversion rates. A popular passivation method is sulfur surface passivation 4, [6] [7] [8] with Na 2 SÁ9H 2 O, 8 ammonium sulfide, (NH 4 ) 2 S/(NH 4 ) 2 S x , 4,6,9,10 or thiols. 11, 12 In addition to increasing solar cell efficiencies, sulfur passivation improves photoluminescence intensity, 8, 12 makes the Schottky barrier height dependent on the contact metal, 9 improves the C-V characteristics of metal/insulator/-semiconductor structures, 10 and heightens the peak power output of lasers. 13 While sulfur passivation has been demonstrated to improve device performances on the (100) surface, [8] [9] [10] [11] 13 very few articles have demonstrated sulfur passivation of the (110) or (111) surfaces. Sulfur passivation removed native oxides in the GaAs (110) and (111) surfaces, 14, 15 but, oddly, these works did not report any device enhancement effects on these surfaces.
There is some ongoing debate on how passivation improves semiconductors. Earlier theoretical models 7, 16, 17 looked at sulfur bonded GaAs (100) surfaces that have unique reconstructions at high temperature, such as the 2 Â 1 reconstruction 17 at 580 C (Refs. 14, [18] [19] [20] and the 2 Â 6 reconstruction 21 at 370 C. Although these structures were found at high temperatures, sulfur passivation is typically a room temperature process. 4, 6, 8 As such, these unique surfacereconstructed structures of sulfur bonded GaAs are not the structures we consider in this letter.
More recent papers on sulfur passivation have pointed to the role of native oxides in the creation of surface states. This was originally proposed by Nannichi and co-workers, 22 who explained why a (NH 4 ) 2 S treatment improves GaAs devices in their experiments. Their model builds on Spicer's "unified defect model," 23 a model which proposes that the midgap surface states can arise due to the formation of Ga or As defects, which in turn create dangling bonds on the surface. These dangling bond states lead to recombination losses in GaAs devices. Nannichi and co-workers explained that the defects appear when native oxides form on the GaAs surface. While most studies show agreement that midgap surface states arise by native oxides, previous density-functional theory (DFT) studies have explained the exact chemical nature of these surface states in two different ways. The first has attributed the midgap surface states intrinsically to bonds formed between the oxygen and the GaAs. [24] [25] [26] [27] The second has attributed the midgap surface states to Ga or As dangling bonds formed when the native oxides create defects on the GaAs surface, [28] [29] [30] unrelated to bonds formed with oxygen. In this Letter, we aim to shed some light on the nature of these surface states. We present experimental results as well as theoretical results based on DFT. The experimental results show that passivation is dependent on the surface orientation, which leads to improvements in conversion efficiency for the GaAs (100) surface but not for the GaAs (111B) surface. This is explained by our DFT results, which show that surface defects can form more easily on the (100) surface than on the (111B) surface. Because of the higher density of defect surface states on the GaAs (100) surface, passivation will have a dramatic effect on this surface orientation in comparison with the (111B) surface. We further show with theory that sulfur reacts with the most likely GaAs (100) surface defect to remove surface states.
Our experiments 31 consist of conversion efficiency tests of inorganic/organic hybrid solar cell devices. The solar cell sandwiches consist of GaAs, PEDOT:PSS (poly(3,4-ethylenedioxythiophene: poly(styrenesulfonate)), and ITO (indium tin oxide) glass. We tested four different GaAs surfaces: (100) and (111B), with and without sulfur passivation. The sulfur passivation was a two-step process 11 with octanethiol solution followed by ammonium sulfide solution in the layer between the GaAs and PEDOT:PSS. The PEDOT:PSS was spin coated on the passivated/nonpassivated GaAs and ITO glass. We brought the PEDOT:PSS sides together, while facing each other, to form the GaAs/PEDOT:PSS/ITO sandwich. All of the processes were performed at room temperature. The characteristics of the solar cells I-V were tested with dark and bright current measurements, which determined the V oc , conversion efficiency, and saturated current as provided in Table I .
When we compare the efficiency, g, of the passivated versus unpassivated GaAs (100) device, we see in Table I that g is dramatically improved with passivation by nearly a factor of three. The saturated current, J s , is reduced from 2.54 to 0.93 mA/cm 2 after passivation. In addition, V oc is increased from 0.33 to 0.51 V. 31 These results suggest that the improvement is due to the reduction of surface states. For the GaAs (111B) surface, we see that there is little efficiency change from passivation. This is a highly reproducible result, and we consistently see $2-3 times efficiency improvement for the (100) surfaces up to $2%, while the efficiency of the (111B) surface stays relatively unchanged at $4% for many samples. The slight efficiency decrease of 0.24% for this particular (111B) sample may be a result of the thin sulfur passivation layer, which decreases light absorption.
In earlier works, it was found experimentally that sulfur passivation removes native oxides on GaAs (100), (110), and (111B) surfaces. 14, 15, 20 For the (111B) surface, we find that the removal of these native oxides by sulfur passivation does not improve conversion efficiency. This result suggests that the bonds formed by the native oxides on the GaAs (111B) are not the direct cause of the midgap surface state, but rather these states are caused by surface defects which can remain even after the native oxides are removed. Our subsequent theoretical analysis from DFT explores how defects can cause surface states and explains the orientation dependence of sulfur passivation.
The FHI-AIMS 32 code is used for the DFT calculations. It is an all-electron code that uses atom centered numeric orbitals as a basis set. For these calculations, we use the predefined light basis setting, which has radial s, p, and d characters with an overall cutoff radius of 5 Å and a Hartree potential expansion up to l ¼ 4. DFT with the Perdew-BurkeErnzerhof (PBE) 33 approximation of the generalized gradient approximation (GGA) exchange-correlation functional and with accurate Van der Waals (VdW) corrections 34 is used to relax the five bi-layered GaAs slabs with 10 bi-layers of vacuum. The bottom three bi-layers are fixed, and the bottom Ga layer of the GaAs slabs is terminated with pseudohydrogen atoms that contain 1.25 electrons to represent bonds to As atoms. The slab thickness, vacuum layer thickness, k-points, and basis set are found to be well converged for the GaAs surface in terms of energy differences.
DFT with the Heyd-Scuseria-Ernzerhof (HSE-06) 35 exchange-correlation functional and a non-optimized 25% mixing factor is used to determine the band structure and density of states (DOS) of the geometrically relaxed surfaces. This hybrid functional does not underestimate the band gap like the GGA functionals and in some cases is able to match the bulk band gap. When using experimental lattice parameter, a bulk band gap of 1.34 eV is obtained, compared to the experimental value of 1.42 eV. 36 Both the PBE-VdW and HSE-VdW calculations have an optimized GaAs lattice parameter of 5.71 Å , which is used in all calculations. This is only a 1% overestimation from the experimental lattice parameter of 5.65 Å . 37 Using the optimized lattice parameter, the most important GaAs (100) b2(2 Â 4) surface reconstruction on a five bi-layer slab is found to have a band gap of 1.65 eV. For GaAs slabs, the calculated band gap is highly thickness-dependent and decreases toward the bulk value as the slab thickness is increased beyond five bi-layers. 25, 38 Figure 1 shows our phase diagram results for the GaAs (100) surface using the method outlined previously. 39, 40 It includes a number of previously studied surface reconstructions and some defect surfaces. From our calculations, the thermodynamically favorable surface reconstructions for GaAs (100) are a2(2 Â 4) at low l As , b2(2 Â 4) at intermediate l As , and c(4 Â 4) at high l As . 40 For the GaAs (111B) surface, the favorable surface reconstructions are the ͱ19 Â ͱ19 reconstruction at low l As and the As trimer (2 Â 2) at intermediate and high l As . 40, 41 For the GaAs (110) surface, the unreconstructed surface is the most stable, and at high l As , the As-terminated surface reconstruction is most stable. 40 These results agree with phase diagrams based on chemical potential reported previously. 40, 41 The only exception is that previous DFT results with PBE using pseudopotentials show that the GaAs (100) f(4 Â 2) reconstruction 42 is most favorable at low l As , while the all-electron code we use show that the a2(2 Â 4) reconstruction is slightly more stable. 43 While these surfaces are thermodynamically most favorable, we are interested in the energy cost to create defects on them. According to the paper by Nannichi and co-workers, 22 the surface states arise when native oxides create defects of As or Ga on the GaAs surface. Therefore, the energy cost to create a defect of As or Ga from the GaAs surface will be a direct indicator of the native oxide's ability to create surface states. Figure 2 shows the possible As and Ga defect sites, and Table II shows the energies required to remove the surface atoms into a bulk phase reservoir, where E n , defect ¼ E defect surface þ E n (bulk) À E perfect surface , and n ¼ As or Ga.
After removal of an As or Ga atom, the surface no longer satisfies the electron counting rule, 44 and midgap surface states appear (see band structure calculations below). For the a2(2 Â 4) surface, the lowest energy to create such a surface state is to remove a Ga atom at a cost of 0.88 eV. For the b2(2 Â 4) reconstruction, the energy cost is 0.84 eV to remove a top As atom. For the c(4 Â 4) reconstruction, the energy cost is 1.63 eV to remove an As atom from the corner. The reason that the energy cost of removing a top As atom in the b2(2 Â 4) reconstruction is so stable is because the two Ga atoms underneath form a stable Ga-Ga bond after the removal of the As atom. This is similar to the Ga dimerization seen in the stable a2(2 Â 4) reconstruction as reported originally by Yamaguchi. 45 We find that for the GaAs (100) surface, the c(4 Â 4) structure has the highest cost to create a midgap surface state and would be the most desirable structure to minimize surface states. Therefore, our calculations suggest that high l As during the growth of the GaAs (100) will reduce surface states caused by As defects.
When comparing the (100) and (111B) GaAs surface orientations, we compare the (100) b2(2 Â 4) and (111B) As trimer surfaces (which are stable at intermediate l As ). Their energy costs for creating an As defect are 0.84 eV and 1.45 eV, respectively. We find that for the GaAs (100) surface, the energy to create Defect D is lower, and a surface state can be generated much easier than for the (111B) surface. We interpret our results as follows: the energy to remove an As atom to generate a defect on the GaAs (111B) surface is so large that the native oxides do not generate surface states on this surface, making the passivation step unnecessary, as is evident in the negligible conversion efficiency improvement in our experimental (111B) device upon passivation. In the phase diagram of Figure 1 , we see that the surface structure b2(2 Â 4)-Defect D is the most stable defect structure of the GaAs (100) surface. We note that it is surprisingly more favorable than the a(2 Â 4) reconstruction. 40 In Figure 3 , we show the band structure and DOS of the b2(2 Â 4)-Defect D surface. The DOS of a perfect b2(2 Â 4) surface (dashed line) has no surface states. Defect D generates a surface state, V1, and a conduction band minimum (CBM) state, C1. Figure 4 shows the b2(2 Â 4) Defect D surface structure and the location of V1 and C1 orbitals. When the As defect is created, the bonds to atoms A, B, and C are broken. The atoms B and C dimerize, which stabilize this structure. This leaves an unpaired electron on the undimerized As (A). This undimerized As is the location of the surface state, V1. The new C1 is located at the empty orbitals of B and C that previously bonded toward the direction of the defect.
Next, we look in depth at how (NH 4 ) 2 S and thiols react with the b2(2 Â 4)-Defect D surface. (NH 4 ) 2 S forms S in the reaction: (NH 4 ) 2 S ! 2NH 3 þ H 2 þ S. Thiols, such as ethanethiols (CH 3 CH 2 SH) form self-assembled monolayers 11 (SAM) on the surface as follows: CH 3 CH 2 SH ! 1 = 2 H 2 þ CH 3 CH 2 S
• . Figure 4 illustrates the b2(2 Â 4) Defect D structure and the different Ga and As sites on the surface. We have calculated the binding energy and replacement energy of S and CH 3 CH 2 S
• on this surface, referencing the As, Ga, and S bulk phase chemical potentials. When comparing binding and replacement at various sites, 31 we find that it is energetically more favorable for sulfur (from (NH 4 ) 2 S) to replace rather than to bind on the surface at replacement site A (2.09 eV). For CH 3 CH 2 S
• , the highest binding energy site is at the two-fold site AB (1.67 eV). The substitution of sulfur at replacement site A restores the band gap and removes the midgap surface state, V1. 31 Sulfur, with one more valence electron than As, pairs the undimerized electron and pushes the V1 state below the band gap. The C1 state remains. The binding of CH 3 CH 2 S
• at the two-fold site AB pairs the undimerized electron on As (A) and pushes the V1 state below the band gap. 31 This removes the midgap surface state and restores the band gap. Because of the bond formed between CH 3 CH 2 S
• and Ga (B), the C1 state on atom B slightly delocalizes to atoms G, H, and I.
In conclusion, our experimental and theoretical results explain the defect nature of surface states and how the effectiveness of surface passivation varies for different surfaces. Our experimental results show that sulfur passivation improves the conversion efficiency of the GaAs (100) surface but not the GaAs (111B) surface. To explain this, we find with DFT calculations that the GaAs (100) b2(2 Â 4) surface has a cost of only 0.84 eV to remove an As atom from its top layer, thus forming a surprisingly stable defect surface reconstruction. In contrast, the GaAs (111B) surface has a higher cost of 1.45 eV to remove an As atom from its surface. This removal of an As atom from the surface forms a defect surface that has a midgap surface state, as shown in the band structure. During sulfur passivation, we show where (NH 4 ) 2 S and CH 3 CH 2 SH prefer to react with the GaAs defect surface to remove the midgap surface state. Even after the sulfur passivation, the GaAs (100) surface still shows lower solar conversion efficiency than the GaAs (111B) surface. This may be due to the inefficiency of the sulfur passivation process and not all of the surface states having been removed. Based on the results of this paper, with everything else being equal, we speculate that a GaAs (100) surface with the c(4 Â 4) reconstruction would have less surface states and improved conversion efficiency compared to the b2(2 Â 4) reconstruction.
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